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Accepted 2020 May 6. Received 2020 April 24; in original form 2019 August 21 1 INTRODUCTION SUMMARY We consider the viscoelastic rheology of the solid Earth under the Antarctic Peninsula due to ice mass loss that commenced after the breakup of the Larsen-B ice shelf. We extend the previous analysis of nearby continuous GPS time-series to include five additional years and the additional consideration of the horizontal components of deformation. They show strong uplift from ~2002 to 2011 followed by reduced uplift rates to 2018. Modelling the GPS­derived uplift as a viscoelastic response to ongoing regional ice unloading from a new ice model confirms earlier estimates of low upper-mantle viscosities of ~0.3-3 x 1018 Pa s in this region but allows a wide range of elastic lithosphere thickness. The observed and modelled north coordinate component shows little nonlinear variation due to the location of ice mass change to the east of the GPS sites. However, comparison of the observed and modelled east coordinate component constrains the upper-mantle viscosity to be less than ~9 x 1018 Pa s, consistent with the viscosity range suggested by the uplift rates alone and providing important, largely independent, c-onfirmation of that result. Our horizontal analysis showed only marginal sensitivity to modelled lithospheric thickness. The results for the horizontal components are sensitive to the adopted plate rotation model, with the estimate based on ITRF2014 suggesting that the sum of residual plate motion and pre-2002 glacial isostatic adjustment is likely less than ~±0.5 mm yr-1 in the east component.Key words: Satellite geodesy; Space geodetic surveys; Antarctica; Dynamics of lithosphere and mantle; Rheology: crust and lithosphere; Rheology: mantle. 
Knowledge of Antarctic glacial isostatic adjustment (GIA) is re­
quired to determine accurate estimates of ice sheet contribution to 
sea level change from space-gravimetry data (King et al. 2012). 
While most GIA models consider the solid Earth's rheology to vary 
only radially, a new generation of models is now being developed 
which considers the Earth's 3-D viscoelastic rheology reflecting 
information from seismic tomography (Whitehouse 2018). These 
seismic constraints do not, however, provide absolute constraints on 
mantle rheological structure. 
as a result of their acceleration and thinning following the retreat 
and collapse of several major ice shelves since 1993, such as Prince 
Gustav by 1993-1995 (Rott et al. 1996), Larsen-A in 1995 (Rack 
& Rott 2004) and Larsen-B in 2002 (Scambos et al. 2004). These 
represent a natural experiment that provides a rare opportunity to 
place absolute constraints on the region's viscoelastic rheology. The 
mass loss following the breakup of the Larsen-B ice shelf is well 
observed and was accompanied by rapid bedrock uplift that has been 
observed by GPS. Thomas et al. (2011) suggested that the response 
was due, at least in part, to the elastic deformation of the solid Earth; 
however, they were unable to satisfactorily reproduce the magnitude 
of the observed response with a purely elastic model. Building on 
this, Nield et al. (2014) closely reproduced the observations using 
an improved ice loading history combined with a viscoelastic solid 
earth model. They found a best-fitting earth model consisting of an 
Geodetic studies of solid Earth response to recent ice mass change 
have begun to address this need in some areas of Antarctica, such as 
the Antarctic Peninsula. Glaciers in the northern Antarctic Peninsula 
(NAP) have been losing mass over the last two-and-a-half decades 
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upper mantle (down to 670 km) with viscosity tightly constrained
to be within ∼6 × 1017 to 2 × 1018 Pa s, and an elastic lithosphere
with an effective thickness largely unconstrained within the range
∼30–140 km. These results were based largely on the observed
change in uplift rate over 1998.5–2013.0 at one GPS site, Palmer
(PALM), located about 75 km from the rapidly changing glaciers
(Fig. 1 inset).
The inferred low estimates of upper-mantle viscosity (UMV)
were lower than previously suggested for this region over millennial
timescales (Simms et al. 2012) and are 1–2 orders of magnitude
lower than suggested 500 km further south from a similar geodetic
study (Zhao et al. 2017). However, a low UMV is not entirely
unexpected due to the active tectonic setting of the NAP that passes
from a subduction zone along the South Shetland Trench, located
north of the South Shetland Islands (Barker et al. 1991; Barker &
Austin 1998; Nield et al. 2014). Extending the analysis to include
time-series from six additional continuous GPS sites covering the
shorter period between 2009 and 2013 allowed Nield et al. (2014) to
confirm the modelled low viscosity mantle and suggest a preference
for higher lithospheric thickness (LT), although this analysis was
limited by the assumption of a spatially uniform background rate
(the rate of uplift prior to commencement of recent ice unloading).
These initial experiments show the value of spatially distributed
bedrock deformation data in constraining mantle rheology, and we
build on these here using new data sets.
The solid Earth viscoelastic deformation has both a vertical and
a horizontal component. In general, the pattern observed in the
vertical component is proportional to the distribution of the ice
loading, while the horizontal pattern provides information regarding
the origin of the ice loading (Velicogna & Wahr 2013; Barletta
et al. 2018). Both components are sensitive to Earth rheology and
horizontal GPS time-series are 2–3 times more precise than vertical
time-series. The viscoelastic deformations of the NAP in response
to current ice mass changes have not yet been analysed using the
horizontal geodetic components for this region. Horizontal GPS
observations are often ignored in the study of GIA because of the
challenge associated with accurately removing tectonic plate motion
from the observations. However, given the limited GIA observations
in Antarctica, and absolute constraints on rheological structure,
adding horizontal observations of GIA is highly desirable.
This study focuses on understating the solid Earth rheology and
temporal variation in ice loading in the NAP based on daily GPS
coordinate time-series. We extend the GPS time-series by 5 yr to
2018. We consider vertical and, for the first time in the NAP, hori-
zontal displacement fields from three continuous GPS stations. We
update the ice loading history used by Nield et al. (2014) with a
high-resolution ice loading history from Rott et al. (2018) as input
to a viscoelastic solid earth model to compare with observations,
and arrive at new constraints on NAP solid Earth rheology.
2 DATA AND METHODS
2.1 GPS
We consider GPS data within the study region covering the time
from 1998.5 when continuous data collection commenced to the end
of 2018. Our analysis includes the long-running site PALM (Fig. 1),
which commenced operating in 1998 and was the focus of the
studies mentioned above. Since 2006, PAL2 has operated alongside
PALM and its time-series shows almost identical site behaviour to
PALM during the overlapping period. The main difference between
the two series is that PALM has a short (∼2 month) data gap in 2014.
Other sites considered are from the LARISSA network which was
deployed from 2009 and include sites DUPT and VNAD (Fig. 1;
Nield et al. 2014).
GPS data were analysed using GIPSY 6.3 using approaches very
similar to Wolstencroft et al. (2015). In brief, this includes adopting
a precise point positioning methodology holding fixed fiducial-free
NASA JPL ‘repro2’ clocks and orbit files. Time-series were then
transformed into the ITRF2008 (Altamimi et al. 2011), which has its
origin, at secular timescales, near to the centre of mass of the entire
Earth system (Dong et al. 2003). Site time-series were converted to
a local east–north–up coordinate system for further analysis. Within
the GIPSY analysis, we model deformation due to solid Earth body
tides and ocean tide loading (using TPXO7.2 ocean tide model) and
the pole tide according to IERS2010 conventions, and use calibrated
absolute antennas phase centre variations (igs08 1758.atx). Data
from low elevation satellites were down-weighted in the solutions.
Tropospheric zenith delays and gradients were estimated once per 5
min, using the Vienna Mapping Function 1 (Boehm et al. 2006) to
map tropospheric delays between satellite elevation angles and the
zenith. There are no offset evidents in the vertical time-series.
The GPS site coordinates are affected by global elastic deforma-
tion over timescales of weeks and longer due to redistribution of
mass in the atmosphere, oceans and hydrosphere, with the largest
of these in Antarctica being associated with the atmosphere (Santa-
marı´a-Go´mez & Me´min 2015). We, therefore, subtracted modelled
3-D site displacements due to atmospheric loading changes within
the centre of figure frame (http://massload.net).
We consider both GPS coordinate and velocity time-series. To
produce continuous GPS velocities, we make use of the ensemble
empirical mode decomposition (EEMD) method which is used to
separate the temporally varying trend from the GPS observations
(Wu & Huang 2009). The EEMD method is based on empirical
mode decomposition (EMD; Huang et al. 1998), an adaptive method
for studying nonlinear and non-stationary time-series. In EMD, a
time-series x(t) is decomposed into a finite number of intrinsic mode
functions (IMFs) Cj(t), j = 1, 2, . . . , n, using the local maxima
or minima envelope. After any oscillations in the time-series are
separated, the residual R(t), which has at most one extremum, is
derived as an intrinsic trend of a non-stationary and nonlinear time-
series (Wu et al. 2007). The EEMD method works on even-spaced
time-series, where data gaps exist and we filled them using an
extrema linear interpolation scheme. The linear interpolation does
not introduce artificial extrema, and this interpolation has minimal
impact on the final result. The EEMD approach is a noise-assisted
EMD. In EEMD, multiple noise realizations are added to the time-
series x(t), from which, an ensemble average of the corresponding
IMFs are extracted to yield scale-consistent signals. By using the
ensemble mean of IMFs, non-physical oscillations due to random
data errors can be reduced and thus low-frequency modes, especially
the trend of the time-series are more accurate (Ezer et al. 2013;
Ji et al. 2014; Chen et al. 2017). To estimate the uncertainties
in the determined IMFs of each time-series, we randomly pick a
value of the observation within two-standard deviations at each
time step to represent a sample observation, and then decompose
each resulted time-series. We repeat this procedure 100 times and
obtain the means of each IMF, the secular trend and their spread
(uncertainty; see Supporting Information Fig. S1). In this study, we
used the IMF6 (decadal/interdecadal scale) to compute the rates
for the respective GPS stations as which is a timescale relevant to
this study. The IMF5 (quasi-biennial/triennial scale) has a higher
frequency than IMF6 and does not affect the longer-term velocities
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Figure 1. Palmer GPS observations (grey dots) with viscoelastic predictions based on the different ice load change scaled uniformly (reduction: 0, 25, 50 and
75 per cent) from beginning 2011 for two different earth models—A: lithospheric thickness 30 km with upper-mantle viscosity 9 × 1017 Pa s (dash line) and
B: lithospheric thickness 130 km with upper-mantle viscosity 7 × 1017 Pa s (solid line). The GPS and model time-series have been shifted to align over the
period up to 2002. The inset shows study region and GPS sites locations PALM (or PAL2), DUPT and VNAD, corresponding to Palmer station, Duthiers Point
station and Vernadsky station, respectively, and the study area (red line). The GPS and model time-series have been shifted to align over the period up to 2002.
focused on here. EMD and EEMD methods have been widely used
in geoscience applications (Huang & Wu 2008).
Since time-series data gaps may introduce spurious low-
frequency variability into the final decompositions (affecting the
final estimation of the GPS velocities), we only considered vertical
velocities for sites with no data gaps, limiting our analysis to PAL2,
DUPT and VNAD. These sites are all no closer than ∼50–75 km
from the main glaciers losing mass, and we regard them as being
far-field in that elastic effects do not dominate the uplift at these
distances (Nield et al. 2014).
For horizontal component analysis, we consider just the time-
series as the signals are smaller than the vertical by a factor of ∼3–4
and computing velocities amplifies noise. We also use the PALM
time-series instead of PAL2 because of the extended observations.
2.2 Ice loading model
We divide the ice history into two phases (X and Y) based on
the two different sources of ice elevation change. We use the ice
history described in Nield et al. (2014) as input to the viscoelas-
tic modelling for phase X: 1995.5–2011.5 (divided into linear rates
over 1995.5–2001.0; 2001.0–2006.0; 2006.0–2011.5) and a new ice
loading history taken from Rott et al. (2018) for phase Y: 2011.5–
2018.0. The new ice loading model is derived from the surface
elevation change (SEC) data described in Rott et al. (2018). These
SEC data are divided into two periods: May–June 2011 to June–July
2013 and June–July 2013 to July–August 2016 and we consider lin-
ear rates over 2011.5–2013.5 and 2013.5–2018.0. We downsample
their 12 m resolution SEC data to 200 m resolution and convert
elevation change into ice-mass changes using a density of 900 kg
m−3 for the feeding glaciers of the respective region. For the loading
computations, we convert mass change data into a set of 155 043
discs with 0.1 km2 area for input to the solid earth model, where
each disc height represents an ice mass gain or loss following Nield
et al. (2014). Data around the Larsen-A region was only available
for 2013.5–2018.0, so we consider use the linear rate for 2013.5–
2018.0 for the whole 2011.5–2018.0 period.
For the earlier periods, the Nield et al. (2014) ice loading history
for the Larsen-B region was used with linear rates of change over
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2001.0–2006.0 and 2006.0–2011.5 based on the data availability.
For the Larsen-A region, they used observations over 1995.5–2001.0
and held this linear rate constant through to 2011.5. For regions
outside the Rott et al. (2018) data set, for the period 2011.5–2018.0,
we use the Nield et al. (2014) rates. The spatial pattern of the ice
mass changes data of Nield et al. (2014) and Rott et al. (2018) is
shown in Supporting Information Figs S2 and S3. The reader is
referred to Berthier et al. (2012), Nield et al. (2014) and Rott et al.




We separate the modelling of the solid Earth response into elas-
tic and viscous components, using the approach previously em-
ployed in this region by Nield et al. (2014). The elastic deformation
time-series was computed by the elastic component of the software
VE-HresV2 (Visco-Elastic High-Resolution technique for Earth de-
formations; Barletta et al. 2006, 2018). The load Love numbers
were computed to a maximum spherical harmonic degree of 3700
based on a compressible, self-gravitating Earth using VE-CL0V3RS
v1.4 (Visco-Elastic Compressible LOVe numbER Solver; Barletta
et al. 2018) with a PREM-based structure (Dziewonski & Ander-
son 1981). We compute the Green’s functions by using load Love
numbers, which were spatially convolved with ice loading discs
according to the methods presented in Barletta et al. (2006). The
model was evaluated at semi-annual time steps over 1995.5–2018.0.
While Nield et al. (2014) focused entirely on the vertical compo-
nent of deformation, we also compute the horizontal deformation
(Barletta et al. 2018) to allow comparison with GPS horizontal
component.
2.3.2 Viscous modelling
For the viscous component of the modelling, we again follow the
approach of Nield et al. (2014), using the compressible viscous
component of the software VE-HresV2 (Barletta et al. 2006, 2018),
VE-CL0V3RS v1.4 to compute the viscoelastic time-dependent
Green’s functions up to maximum spherical harmonic degree 1195,
which is adequate for the temporal and spatial viscous response
scale considered here. We adopt a similar viscoelastic model setup
to Nield et al. (2014) assuming a 4-layer viscoelastic Earth structure
with a purely elastic lithosphere, and a viscoelastic upper mantle,
transition zone and lower mantle with linear Maxwell rheology.
This model is forced by the ice history model described above.
Modelling is performed in the centre of mass of the solid-Earth
system, which is different from the GPS reference frame. However,
our focus here is on nonlinear motion and hence much of the already
small difference due to geocentre movement is removed.
We tested a total of 345 earth models in this study by varying
the lithospheric thickness between 20 and 130 km and the viscosity
of the upper mantle between 0.1 × 1018 and 300 × 1018 Pa s. The
bottom of the upper mantle was fixed to 400 km and the modelled
transition zone extends from 400 to 670 km with a viscosity of 4 ×
1020 Pa s, and a lower mantle with a viscosity of 1 × 1022 Pa s. For
all model configurations, we computed displacement time-series at
semi-annual periods over 1995.5–2018.0. Again, we compute both
horizontal and vertical deformations.
We sum the elastic and viscous components to compare with the
GPS time-series, note that we consider the data uncertainties for all
RMS calculations. Our GPS time-series have additional deforma-
tion contribution caused by ice unloading history not considered in
our loading model (e.g. due to LGM deglaciation) and we define this
at the background rate. For the vertical component, we estimate this
‘background rate’ (BGR) for each viscoelastic model by deriving
a trend from the difference of the observed and each model time-
series over 1998.5–2002.0 (Nield et al. 2014). We adopt the same
vertical BGR for all three sites used in our study prior to further
analysis. We then add this background rate to our model predicted
uplift rates.
The horizontal components of the GPS site time-series is dom-
inated by plate motion. To study the horizontal component due to
present-day ice mass changes, we remove the plate contribution
from our observations using the ITRF2014 plate motion model (Al-
tamimi et al. 2017). The ITRF2014 plate velocity for the GPS
sites with a no-net Rotation (NNR) frame from the University
NAVSTAR Consortium (UNAVCO) Plate Motion Calculator plat-
form (https://www.unavco.org/sof tware/geodetic-utilities/plate-m
otion-calculator/plate-motion-calculator.html#models). Support-
ing Information Table S1 gives the different GPS-site plate mo-
tions using this ITRF2014 model. There are important limitations
to geodetically derived plate motion models as they are estimated
using GPS data that contain uncorrected GIA (King et al. 2016)
and post-seismic deformation (King & Santamaria-Gomez 2016)
and hence they are subject to potential bias. Furthermore, we are
unable to unambiguously remove background horizontal GIA from
before 2002 (i.e. due to deglaciation following Last Glacial Maxi-
mum), for which models suggest horizontal rates in this region of
around up to 0.84 mm yr−1 but of varying direction (King et al.
2016), and so we adopt zero signal and test the sensitivity to these
assumptions in Section 3.2.
3 RESULTS
3.1 Vertical component results and model fit analysis
Fig. 1 shows the GPS height time-series for PALM. This reveals that
the increased rate of uplift, compared to before 2002 and previously
shown to 2011 continues through to the end of the time-series at
2018.0. The longer time-series reveals an apparent slowing of the
rate around 2010 or 2011 that was previously not clear. The ability
to separate model predictions of deformation based on different rhe-
ological models depends entirely on nonlinearity in the time-series
and so additional and substantial changes in the rate of mass loss
and bedrock uplift provide the potential for improved understanding
of NAP rheology.
We first compared these observations to an extended version of
the Nield et al. (2014) ice loading model, assuming no change in
the rate of ice mass unloading after 2011. Combining this with the
best fitting earth model of Nield et al. (2014), with an LT of 130 km
and UMV of 7 × 1017 Pa s, provides a poor fit to the GPS data
after ∼2011 (yellow line). However, by reducing the post-2011.0
unloading rate by 50–75 per cent from the 2006.0–2011.0 rate, we
are able to fit the GPS data more closely (cyan and red lines).
Nield et al. (2014) showed that alternative viscous models could
also provide an adequate fit to the GPS data, notably those with low
effective lithospheric thicknesses (as low as ∼20–30 km). Predic-
tions based on a model with LT of 30 km and UMV of 9 × 1017 Pa
s are shown with dashed lines in Fig. 1. With this configuration,
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all variants of the post-2011 ice loading significantly over-predict
the amount of uplift since 2011. If the Earth rheological model is
broadly correct, the region would need to have switched to mass
increase since ∼2011 for this model configuration to fit the data,
which was not the case (Rott et al. 2018; Shepherd et al. 2018).
We then updated the ice loading history after 2011 as described in
Section 2.3 and compared a wide range of model predictions (vary-
ing the LT and UMV) with the PALM time-series. We computed
RMS misfit between the PALM GPS (1998.5–2018.0) and modelled
the uplift time-series, with the results shown in Fig. 2(a). The re-
sults narrow the preferred earth model parameters obtained by Nield
et al. (2014) to ∼50–130 km and ∼0.9–3 × 1018 Pa s. For the PALM
station, the earth model with the lowest RMS misfit has a value of
65 km and 3 × 1018 Pa s (see Supporting Information Fig. S4).
To further examine the changes in the uplift rate and constrain the
Earth rheology, we expand the analysis to include the three sites with
continuous data in this region since 2006 (PAL2, DUPT and VNAD;
Fig. 1) and consider the EEMD-filtered GPS time-series in terms of
uplift rates. Studying changes in uplift rates, rather than changing
uplift time-series, allows us to mitigate the effects of unknown
background rates, otherwise assumed to be spatially constant. We
also use the updated (phase Y) ice loading model to predict the uplift
rate using viscoelastic solid earth models. We compared the GPS
observations with the predictions from 345 different viscoelastic
models. We computed the RMS misfit between the GPS and model
rates for each station after considering the BGR calculation from
the PALM site (Fig. 2b and Supporting Information Fig. S5).
The analysis of the GPS station data, either individually or com-
bined, show good agreement with UMVs of ∼0.3–3 × 1018 Pa s but
show poor sensitivity to the lithospheric thickness. These findings
confirm the results of Nield et al. (2014) that used a much shorter
data set. The minimum RMS misfit is found for an LT of 105 km
with a UMV of 9 × 1017 Pa s. However, the DUPT site shows good
agreement with a slightly higher UMV (∼5 × 1018 Pa s) compared
to the other stations (see Supporting Information Fig. S5b), and this
might be due to its greater closeness to major ice mass loss areas
(eastern Peninsula).
We present the resulting GPS site velocity time-series with the
best fit model rates in Figs 2(c)–(e). Time-series of the three con-
tinuous GPS stations reveal a reduction in uplift rates since ∼2011
compared to acceleration before then (Fig. 1). The step-wise veloc-
ity changes in the model reflect the periods where different time-
constant ice loading rates apply. The reduction in uplift rates occurs
slightly earlier at PAL2 compared with DUPT and VNAD, possibly
due to differing proximity to the glaciers losing mass or a changing
geographical pattern of mass loss over time. In Figs 2(c)–(e), we
note a possible slight increase in uplift rates in the early part of the
VNAD series although this is uncertain. The maximum observed
uplift rate of ∼12.4 ± 0.2 mm yr−1 was recorded at the DUPT
station between 2009 and 2010. All the GPS observations show a
bias between the model and observed uplift rates inherited from
the viscoelastic model before 2009 and this is particularly clear at
DUPT. The reduction of the observed rates from the beginning to
the end of the uplift rate time-series is ∼37, 20 and 25 per cent
for PAL2, DUPT and VNAD, respectively. It suggests that ice mass
loss reduced between 2011.0 and 2018.0.
3.2 Horizontal component results and model fit analysis
Fig. 3 presents the horizontal displacement of the long-running
PALM site after removing the ITRF2014 plate motion model. The
horizontal information is a useful supplement to the vertical for
areas with a more complex ice mass change pattern, such as the
NAP where the mass change pattern originates from many differ-
ent glaciers with different signals. The horizontal displacements
in Figs 3(a) and (b) are generally directed towards the west as is
expected given the major ice loss area is due east of PALM (see
Supporting Information Fig. S6). As with the uplift, the east com-
ponents show clear changes after 2002.0, which is indicative of
rapid mass loss acceleration after the Larsen-B breakup.
We compared our GPS data after removing the plate motion
with the predictions from the range of numerical viscoelastic earth
models and calculated the RMS misfit for each of the north and east
coordinate components. There is a possible offset in the horizontal
components of the Palmer time-series during 1999, so we only
consider data from then onward.
The RMS misfits between the observed and model-predicted
north component for PALM individually and for all sites combined,
are shown in Fig. 4, with the other two sites shown in Supporting
Information Fig. S7. Aside from the DUPT site, we find that none
of the models provide satisfactory agreement with the observations,
as indicated by the 95 per cent confidence limit, this is likely due to
errors in the plate motion model. The DUPT site, however, shows
good agreement with almost 90 per cent of the earth models used in
this study (see Supporting Information Fig. S7). Overall, the north
component shows little sensitivity to the change of earth model
properties, likely due to the location of our GPS stations to the west
of the regions losing mass. Consequently, we focus only on the east
component in the following discussion.
Fig. 5 shows the RMS misfit between observed and model-
predicted east components. The individual analysis PALM and
DUPT show good agreement with UMV of ∼0.5–9 × 1018 Pa
s, but show poor sensitivity to the effective LT. The minimum RMS
misfit is found for LT 115 km and LT 25 km with UMV of 5 ×
1018 Pa s for PALM and DUPT sites, respectively. The RMS fit at
VNAD is poor, probably due to its proximity to the glaciers losing
mass and sensitivity to errors in the loading model. This affects the
combined solution presumably. The prediction based on the best-
fitting earth model constrained from PALM and DUPT is plotted
against the GPS east component time-series in Fig. 6.
The studies of Klemann et al. (2008) and King et al. (2016)
showed that the GPS derived plate motion models may be biased
due to mismodelled or unmodelled GIA signals. King et al. (2016)
demonstrate plate motion model differences up to 0.84 mm yr−1
depending on the nature of the unmodelled GIA signal. Different
plate motion models also vary by around 1 mm yr−1 due to sensi-
tivity to site selection, including post-seismic deformation effects
(King & Santamaria-Gomez 2016). To explore this potential error,
we recomputed the RMS misfit for the east component by consid-
ering four scenarios based on the addition or subtraction of 0.5 and
1 mm yr−1.
Supporting Information Figs S8–S11 show the RMS misfit be-
tween the observations and model predictions for these four scenar-
ios. The DUPT and VNAD show a similar pattern of RMS misfit
for the four scenarios, as does the combined RMS. However, PALM
shows sensitivity to the addition and subtraction of 0.5 and 1 mm
yr−1. By inspecting the misfit of these four scenarios for the PALM
site, we note that the RMS misfit increases if we add or subtract the
values for each scenario.
Moreover, the only scenario that provides reasonable fit is with
+0.5 mm yr−1 (Supporting Information Fig. S8) but the results
are inconsistent, with DUPT preferring lower viscosity and PALM
preferring higher, and PALM results are not consistent with the
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Figure 2. (a) RMS misfit between PALM GPS and model predicted uplift. (b) RMS misfit between all stations (PAL2, DUPT and VNAD) and model
predicted rates. c–e) Uplift rates from the EEMD analysis of GPS time-series with the best-fitting viscoelastic earth model. GPS observations (black line), GPS
uncertainties (grey dash line) and best-fitting model (yellow line). Note that data collection commenced at PAL2 before the other sites and the y-axis differs
between sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
finding using the vertical component base on the previous (Nield
et al. 2014) and on this study. This indicates that the PALM site
motion is accurately described by the ITRF2014 plate motion and
that any plate motion model error or long-wavelength post-LGM
GIA signal has a sum within ± 0.5 mm yr−1.
4 D ISCUSS ION
Our continuous GPS observations show that the uplift rate decreased
after 2011, while still being substantially higher than the rate before
2002, and our inferred (background) rate of uplift for the period
before 1995 (∼2–3 mm yr−1 subsidence). Assuming a mantle re-
laxation time of a few years, this is compatible with a reduction
in mass loss over this period. The reduction in GPS uplift rates
since ∼2011 indicates that ice mass loss has reduced in this region
since then, which agrees with the ice surface elevation and velocity
change data presented by Rott et al. (2018). They found that overall
ice-mass loss reduces around the NAP from mid-2011 to mid-2016.
Analysis of time-series from three continuous and extended GPS
sites tightly constrains the UMV in the range ∼0.3–3 × 1018 Pa s
but they do not help in reducing the uncertainty on the LT which
remains poorly constrained. Since 2015 all three sites show more
stable rates of uplift compared with the rates during 2011–2015.
The preferred model suggests a pre-1995 subsidence of ∼2–
3 mm yr−1 at PALM. This contrasts with predicted uplift in this
region from a range of millennial-scale post-LGM GIA models
(Thomas et al. 2011). However, this region has seen centennial-
scale snow accumulation increases, which could explain this rate
of subsidence. Indeed, the modelling of Nield et al. (2012), for a
relatively low viscosity earth model (5 × 1019 Pa s upper mantle) and
reconstructed ice loading changes since 1850, suggests subsidence
Ice mass loss and 3-D viscoelastic deformation in NAP 1019
Figure 3. PALM GPS north (a) and east (b) component time-series, after the subtraction of the ITRF2014 plate motion model.
Figure 4. RMS misfit between GPS and modelled predicted north component time-series.
of ∼3.5 mm yr−1 for this region; they did not test lower viscosity
models which will both increase the maximum rate of subsidence
but also reduce the spatial extent of uplift.
After removal of the ITRF2014 plate motion model, the horizon-
tal GPS displacements are directed towards the west–southwest (see
Fig. S6), consistent with major ice mass loss ongoing in the eastern
part of the Peninsula. Our analysis of the east component provides
new evidence, independent form the uplift time-series, that this re-
gion is underlain by the UMVs suggested by Nield et al. (2014) and
from this study based on uplift time-series alone. The PALM and
DUPT sites constrain the viscosity of the upper mantle to less than
9 × 1018 Pa s but, like the vertical component, show poor sensi-
tivity to the effective thickness of the elastic lithosphere. Our east
component constrains the viscosity range to be slightly higher than
the vertical component, although substantially overlapping with it;
this higher range may be due to different noise levels in the data sets
or poorly sampled mass changes on the west coast of the Peninsula
which has different effects on the different coordinate components.
Further, our exploration of uncertainty in background GIA and plate
motion indicates that the ITRF2014 model might precisely describe
the motion of PALM prior to 2002 and suggests that the combina-
tion of plate model error and post-LGM GIA signal has a magnitude
of ∼ ± 0.5 mm yr−1 for this region.
We use a simple 1-D earth model with linear Maxwell rheology,
varying just the elastic thickness of the lithosphere and viscosity
of the upper mantle. We do not consider the effects of lateral het-
erogeneity in the solid Earth structure as our study area is small,
and three are unlikely to be significant lateral variations within the
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Figure 5. RMS misfit between GPS and modelled predicted east component time-series.
Figure 6. GPS eastward observations after subtraction of plate motion from ITRF2014 and model predicted east time-series at each GPS station for the
best-fitting viscoelastic earth model of PALM and DUPT present in Figs 5(a) and (b).
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area covered by the GPS sites. However, Barker et al. (2001) sug-
gest there is a lateral variation in the solid Earth structure along the
length of the Peninsula and this has been further supported by recent
seismic tomographic analysis (Lloyd et al. 2019). Previous experi-
ments in this region (e.g. Nield et al. 2014) suggested no sensitivity
to modelled solid Earth properties from the transition zone down-
wards. We have not revisited these analyses although we note that an
effect of lateral heterogeneity in Earth structure and a sensitivity to
the mantle transition zone viscosity has been identified in the West
Antarctic region (Barletta et al. 2018). The horizontal displacement
field used to constrain the viscosity of the upper mantle used in this
study can eventually be used to constrain a 3-D model of GIA in the
future; such analyses will occur as more GIA models include 3-D
rheological structure.
5 CONCLUS IONS
With a combination of geodetic observations and viscoelastic mod-
elling, we have improved the absolute constraint on the rheology of
the upper mantle and elastic lithosphere in the Antarctic Peninsula
region, assuming a linear Maxwell rheology. Such information is
critical in providing robust models of Antarctic GIA that consider
lateral variations in Earth properties. Our analysis extends the pre-
viously analysed time-series by 5 yr, capturing a reduction in uplift
rates. We also fill a gap in the analysis of this natural experiment
using horizontal displacement fields derived from GPS. Our con-
sideration of the horizontal displacement field of GPS observations
is the first such application over this region in the study of the
viscoelastic response to present-day ice mass unloading.
We computed model predictions based on the four significant
ice mass change periods after the breakup of the Larsen B ice
shelf: 2001.0–2006.0, 2006.0–2011.5, 2011.5–2013.5 and, 2013.5–
2018.0 (Nield et al. 2014; Rott et al. 2018), in addition to ice loading
changes from Larsen A:1995.5–2011.5 and 2011.5–2018.0 (Nield
et al. 2014; Rott et al. 2018). Our continuous GPS uplift time-series
indicates that the ice mass loss has reduced since ∼2011 around
this region and this is supported by the ice model based on Rott
et al. (2018) over 2011.5–2016.5 and then viscoelastic modelling
using that ice model extended by 5 yr to 2018.0. The uplift data sets
suggest the UMVs of ∼0.3–3 × 1018 Pa s for this region.
A comparison of the model predicted east component with the
GPS observations suggests an upper limit of the UMV of ∼<9 ×
1018 Pa s for this region, consistent with that estimated from the
vertical component in both this study and that of Nield et al. (2014)
and this study based on analysis of the vertical component. Our
research indicates that the GPS horizontal component may be a
useful supplement to the vertical displacements to study viscoelas-
tic deformation in this region, particularly with further substantial
changes in mass loss rates or the spatial location of mass loss. Fur-
ther, those using GPS data sets to estimate Antarctic plate rotation
should be aware that horizontal GPS velocities in this region are
strongly affected by viscoelastic deformation.
Exploration of the potential bias in the plate motion estimation
from the ITRF2014 model suggests that this plate model reasonably
robustly describes the PALM site plate motion prior to 2002 and
suggests that any potential plate model error or post-LGM GIA
signal has a sum within ∼±0.5 mm yr−1 of zero for this region.
GIA cannot be considered as time constant in this region; its
time variability must be considered for studies using GRACE data.
Further investigation with high spatial resolution and over extended
time periods will allow more complex features of the solid Earth to
be studied, both in this region and elsewhere (e.g. Zhao et al. 2017;
Barletta et al. 2018).
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SUPPLEMENTARY INFORMATION
Supplementary data are available at GJI online.
Figure S1.Top: the IMFs of time-series in PAL2, DUPT and VNAD.
The solid black line shows each mean IMF of 100 randomly con-
structed time-series; the shading shows the uncertainty of each IMF,
note that only IMF6 is used to compute the rates for the respective
GPS sites. Bottom: the time derivative of the secular trend shown
in the top panel.
Figure S2. The rate of observed ice mass change given in metres
water equivalent per year. (a) Ice mass change rate of Larsen A and B
region for the period 1995.5 to 2002.5. (b) Larsen B region ice mass
change rate from 2001.0 to 2006.0. (c) Larsen B region ice mass
change rate from 2006.0 to 2011.5. Blue line shows the grounding
line and axes are Antarctic Polar Stereographic X, Y (km).
Figure S3. The rate of observed ice mass change given in metres
water equivalent per year. (a) Ice mass change rate of Larsen A and B
region for the period 2013.5 to 2016.5. (b) Larsen B region ice mass
change rate from 2011.5 to 2013.5. (c) Larsen B region ice mass
change rate from 2013.5 to 2016.5. Blue line shows the grounding
line and axes are Antarctic Polar Stereographic X, Y (km).
Figure S4. Uplift of PALM time-series with the best-fitting vis-
coelastic earth model and background rate present in Fig. 2(a).
Figure S5. RMS misfit between GPS and modelled predicted uplift
rates.
Figure S6. GPS observed horizontal deformation rates after sub-
traction of plate motion from ITRF2014. The arrows indicate the
size and direction of the deformation at three sites.
Figure S7. RMS misfit between GPS and modelled predicted hori-
zontal north component time-series.
Figure S8. RMS misfit between GPS and modelled predicted hor-
izontal east component time-series with 0.5 mm yr−1 plate motion
subtraction.
Figure S9. RMS misfit between GPS and modelled predicted hor-
izontal east component time-series with 0.5 mm yr−1 plate motion
addition.
Figure S10. RMS misfit between GPS and modelled predicted hor-
izontal east component time-series with 1 mm yr−1 plate motion
subtraction.
Figure S11. RMS misfit between GPS and modelled predicted hor-
izontal east component time-series with 1 mm yr−1 plate motion
addition.
Table S1. Plate motion estimation from plate model ITRF2014.
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